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Abstract 15 
Purpose: Livestock grazing has been practiced in salt marshes in the Wadden Sea area since 600 B.C. 16 
Currently livestock grazing is also applied for conservation management. However, effects of such 17 
grazing management on salt marshes are likely to vary depending on the species of livestock and 18 
stocking density due to differences in the behaviour of the animals. Yet, little is known about the 19 
behaviour of different livestock species and stocking densities grazing in salt marshes. 20 
Methods: We studied the grazing behaviour of horses and cattle by focal observation in an experiment 21 
with four different grazing treatments on a coastal salt marsh. In all treatments we recorded diet 22 
choice, movement and grazing activity, and spatial distribution. 23 
Results: Livestock species shared an overlap in diet choice. Yet, horses more often foraged on the 24 
short grass Puccinellia maritima, while the cattle diet contained a higher amount of Aster tripolium. 25 
2 
Horses travelled longer distances per day and spent more time grazing than cattle. Spatial distribution 26 
of cattle was significantly clustered, while horses showed a random distribution utilizing the whole 27 
area.  28 
Conclusions: Animal behaviour differs between livestock species and stocking densities with respect 29 
to diet choice, activity and spatial distribution. 30 
 31 
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Introduction 45 
Salt marshes are important ecosystems for the conservation of biodiversity in north western Europe, 46 
as they are inhabited by characteristic plant, bird and invertebrate species (Westhoff et al. 1993; 47 
Norris et al. 1997; Rickert et al. 2012). In these ecosystems livestock grazing for agricultural purposes 48 
has a long tradition (Esselink et al. 2002). In the past century many salt-marsh areas in the Wadden 49 
Sea region were abandoned, because livestock grazing was no longer economically feasible or because 50 
of the establishment of National Parks (Bakker et al. 2003). It was then found that abandonment leads 51 
to the spread and dominance of single species, such as the tall grass Elytrigia atherica (Veeneklaas et 52 
al. 2013). This development led to low plant diversity in abandoned marshes and therefore livestock 53 
grazing was suggested by a panel of international experts as a conservation management option to 54 
reduce encroachment of Elytrigia atherica (Bakker et al. 1993). However, the effect of grazing, not 55 
only on plants but also on other organisms such as birds and invertebrates, is likely to vary depending 56 
on behavioural differences e.g. between livestock species, between animals of different weight and 57 
different age, and between various stocking densities (Rook et al. 2004), i.e. the number of animals 58 
per ha (Stewart and Pullin 2008). These behavioural differences can be divided into three categories: 59 
(1) diet choice, (2) movement and grazing activity, and (3) spatial distribution.  60 
Diet choice, in the sense of plant-species composition of the animal diet, is likely to overlap 61 
between livestock species when grazing in a similar area (Karmiris et al. 2011; Ferreira et al. 2013). 62 
However, some differences in the diet choice may be related to characteristics of the mouth anatomy, 63 
the digestive system, and differences in nutritional requirements of the livestock. Horses, as hind-gut 64 
fermenters, require a higher food intake than cattle, which are ruminants (Duncan et al. 1990). 65 
Additionally, horses, in contrast to cattle, have been found to consume more high-fibre forage such 66 
as fibrous grasses (Gordon 1989; Vulink and Drost 1991; Menard et al. 2002). Thus, we expect horses 67 
to include more grasses in their diet, and cattle to consume more forbs (i.e. herbaceous flowering 68 
plants that are no grasses). As grasses generally contain more fibre (Gordon 1989; Vulink and Drost 69 
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1991; Menard et al. 2002), we expect the average fibre content of horses’ diet to be higher. 70 
Furthermore, diet choice might also differ between stocking densities of one species, as animals in 71 
higher densities are often forced to include less preferred plant species into their diet (Crawley 1983). 72 
Additionally, smaller animals were found to be more selective, which is in line with the observation 73 
that also young and female animals, which are generally smaller than older or male animals, show a 74 
higher selectivity (Rook et al. 2004).  75 
Differences in digestive systems among large herbivores also partly determine their patterns 76 
of movement and grazing activity. Ruminants can extract more nutrients from their forage (Duncan et 77 
al. 1990), while hind-gut fermenters compensate for this by having a higher daily food intake (Duncan 78 
et al. 1990; Ferreira et al. 2013). Therefore, the average time spent grazing per day of horses is 79 
expected to be longer in comparison to cattle. To acquire more forage it is probably also necessary for 80 
horses to have a higher movement activity and we therefore expect horses to travel on average longer 81 
distances per day compared to cattle. Additionally, cattle were found to spend on average between 82 
31 - 38 % of the time ruminating which includes staying in the same location (Dale et al. 2008; 83 
Abrahamse et al. 2009). The movement and grazing activity of the animals could thus also potentially 84 
determine the spatial distribution of the animals within the available space. If cattle stay in the same 85 
position to ruminate for a certain proportion of the day, they probably show a more clustered 86 
distribution compared to horses.  87 
In addition to differences between livestock species, stocking density is also likely to influence 88 
movement and grazing activity and spatial distribution of the livestock. At high stocking densities, the 89 
depletion of preferred food plants might also lead to increased movement activity as animals are 90 
forced to search for food plants. This search for food plants may affect the spatial distribution of the 91 
animals. Furthermore, experience was found to affect grazing activity, as sheep, cattle and goats were 92 
found to spent up to 40% more time eating in an unfamiliar environment (Provenza and Balph 1987). 93 
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Additionally age and size of the animals might affect patterns of movement and grazing activity with 94 
smaller and younger animals showing a higher step rate (Rook et al. 2004).  95 
We studied the grazing behaviour of horses and cattle at two different stocking densities in a 96 
mainland salt marsh, focusing on diet choice, movement and grazing activity, and spatial distribution. 97 
More specifically, the following four hypotheses were tested: 1) horses at high stocking densities 98 
forage on dominant grasses more than cattle at low stocking densities, 2) Forage quality is higher in 99 
the diet of horses at high stocking densities than cattle at low stocking densities, 3) livestock activity 100 
is higher for horses at high stocking densities than cattle at low densities, and 4) the higher activity of 101 
horses at high stocking densities leads to a more random spatial distribution than cattle at low stocking 102 
densities.  103 
 104 
Methods 105 
Study Site 106 
The research area, ‘Noord-Friesland Buitendijks’ (NFB) (53°20'11" N, 5°43'40" E), is a temperate salt 107 
marsh located on the north coast of The Netherlands. Average annual precipitation is 820 mm and 108 
average annual temperature is 9.5°C (data Royal Netherlands Meteorological institute). On average 109 
the area lies 0.6 m above mean high tide (MHT) and the local tidal range is 2.1 m. NFB is of 110 
anthropogenic origin because marsh development was facilitated by ditching and the construction of 111 
sedimentation fields. As a result, the marsh is characterized by an evenly distributed drainage pattern 112 
and a rather flat relief with a gentle slope down to an area of intertidal mudflats. Therefore the area 113 
is convenient for a large experimental setup as abiotic conditions and vegetation composition will be 114 
comparable between treatments.  115 
The experimental treatments, consisting of four different grazing treatments within two 116 
replicate blocks (Fig. 1), were established in the spring of 2010. Before the start of the experiment, 117 
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both blocks had been subject to intensive grazing with approximately 1.0 cattle per ha during the 118 
summer months. Each block was subdivided into five paddocks (ca. 11 ha each) including one ungrazed 119 
paddock which is not used in this study. Each paddock includes an elevation gradient from North to 120 
South and is comprised of both low and high salt marsh zones. The high-marsh zone was dominated 121 
by two vegetation types, namely the brackish-flooded grassland type and the Elytrigia repens-type. 122 
While the brackish-flooded grassland type was dominated by Agrostis stolonifera, the Elytrigia repens-123 
type was dominated by Elytrigia repens, but often contained a large amount of Elytrigia atherica. The 124 
low marsh was mainly formed by two vegetation types. The first one is the Puccinellia-type, including 125 
a varying cover of Aster tripolium. Secondly, we included the Salicornia spp./Suaeda maritima-type, 126 
which is mainly dominated by these annual plants, to the low marsh. A detailed vegetation map can 127 
be found in Supplementary 1. 128 
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Fig. 1 Experimental setup with paddocks (white line) and freshwater source (). Treatment is shown with letters (C=cattle 130 
and H=horses) and a number representing stocking density per ha. The ungrazed paddock, which was not used in this study, 131 
is indicated by the word ‘none’ 132 
The following grazing treatments were applied within each block: cattle grazing with 5 animals 133 
(0.5 per ha) and 10 animals (1.0 per ha) per paddock and horse grazing with 5 animals (0.5 per ha) and 134 
10 animals (1.0 per ha) per paddock. A stocking density between 0.5 and 0.6 animals/ha was proposed 135 
by Andresen et al. (1990) and Kleyer et al. (2003) as being the most beneficial for plant-species 136 
diversity in salt marshes in grazing experiments with cattle. However, we expect the same number of 137 
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horses per ha to have a much greater effect. Therefore, the stocking density of 1.0 animals per ha, 138 
which is higher than the recommendation of Andresen et al. (1990) and Kleyer et al. (2003), is referred 139 
to as high density here, while 0.5 animals per ha treatment is referred to as the low density. All cattle 140 
were female, non-lactating animals of the breed Holstein-Friesian, weighed ca. 600 kg and were 2 or 141 
3 years old. The horse herd consisted of both male and female animals of the breed KWPN (Koninklijk 142 
Warmbloed Paardenstamboek Nederland), which were all older than 2 years and weighed ca. 700 kg. 143 
Animals were obtained from local farmers and remained in the paddocks from June to October, 144 
enabling animals to adapt to the area before focal observations started in August. Access to a 145 
freshwater source was always given in the southern end of each paddock. 146 
We recorded the diet choice, activity and spatial distribution of the animals during observation 147 
sessions in August and September 2010 following the methodology described by Esselink et al. (2000). 148 
Each observation session consisted of hourly observations of all animals from noon on the first day to 149 
noon on the following day. No observations were performed during the night, however, because 150 
recognition of selected plant species was too difficult. During an observation, the animals were 151 
carefully approached without disturbing them (Dumont et al. 2007b) and the animals apparently were 152 
not influenced by the presence of the observers. Four observation sessions per block were carried out 153 
(two in August and two in September), resulting in a total number of eight observation sessions per 154 
grazing treatment. Number of observations per session decreased from 16 at the beginning of August 155 
to 13 by the end of September because of the shortening of the daylight period. 156 
Diet choice 157 
To quantify the diet choice of the animals we noted the plant species of the third bite for each 158 
individual animal in each observation. This was done to avoid a bias towards easily identifiable plant 159 
species (Dumont et al. 2007b). In the case of mixed bites we considered the dominant plant species. 160 
There were no difficulties in recognizing the plants from the position of observation. The vegetation 161 
type where each animal stayed was also recorded. 162 
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Forage quality 163 
The recording of the diet choice was also used to calculate the average forage quality of the diet based 164 
on the mean neutral detergent fibre (NDF) of the plant species. We collected samples of all plant 165 
species available to the livestock in the area to assess the forage quality of species based on the neutral 166 
detergent fibre (NDF). The mean NDF values of the species were then used to calculate the mean NDF 167 
of the diet based on the species composition chosen by the animals of the group. A high NDF, which 168 
includes cellulose, hemicellulose and lignin as major components (Van Soest et al. 1991), may indicate 169 
a relatively low forage quality and digestibility. Plant material was collected by mimicking animal bites, 170 
and for each sample bites were taken from several stands of a plant species. One sample was taken 171 
from each cattle-grazed paddock (n=4) to test for possible differences in NDF associated with small-172 
scale abiotic variations and between stocking densities. Samples were collected at the beginning of 173 
September, representing the peak of the growing season and also the season in which the animal 174 
observations were conducted. Due to time constraints, horse-grazed paddocks were not sampled and 175 
sampling was not repeated during the grazing season. All samples were dried at 70° C within one day 176 
after collection, then ground, sieved (1-mm sieve) and analysed for NDF (NDF in % of dry matter 177 
weight) (Van Soest et al. 1991). 178 
Activity and spatial distribution 179 
During each observation the following behaviour categories were distinguished for each individual: 180 
grazing, walking, resting and drinking. At the end of each observation, the position of the group of 181 
animals was recorded with a handheld GPS. We used the group as the unit of analysis as animals were 182 
mainly observed to remain close together (Hampson et al. 2010).  183 
Statistical Analyses 184 
Diet choice 185 
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We performed a Canonical Correspondence Analysis (CCA) to investigate differences in diet choice 186 
between horses and cattle and between stocking densities using the statistical software ‘CANOCO’ 187 
version 4.5 (ter Braak and Šmilauer 2002). All other analyses were performed using the statistical 188 
software ‘R’ version 2.15.2 (R Development Core Team 2013). For the CCA analysis we counted plant 189 
species chosen by all individuals within one paddock and observations to obtain the diet choice of the 190 
group. The diet choice then consists of several plant species and was expressed as a percentage value 191 
for each plant species. Thus, if for example one out of ten horses in the group in one observation chose 192 
the plant species Aster tripolium, this species would represent 10 % of the diet choice of the group. 193 
The diet choice of each observation was used as species response variables in the CCA. As factors, we 194 
included livestock species and stocking density. The following random factors (called covariables in 195 
CCA) were used: block, vegetation type in which the animals were observed, and time of day. Random 196 
factors were selected using the forward selection procedure during which each random factor is added 197 
to the analysis separately. For the forward selection procedure and the final CCA analysis Monte-Carlo 198 
permutation test with 499 permutations restricted by block and observation session were used to test 199 
for significance. 200 
Forage Quality 201 
We tested differences of NDF between samples from different blocks using t-tests for each of the 202 
analysed plant species. As slight differences between blocks were only found in two out of 15 tested 203 
species (Supplementary 2) we decided to pool samples of the same species in all cases for further 204 
analysis. We calculated the average NDF of plant species found in the diet of cattle and horses at the 205 
two stocking densities per observation. First, the NDF of each plant species (e.g. NDFa of species a) in 206 
the observation was multiplied by the number of times (na) this species was recorded. Then the sum 207 
of all species was divided by the total number (N) of bites occurring in the observation to obtain the 208 
average NDF of the plant species in the diet (Eq. 1).  209 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑁𝐷𝐹 =
∑(𝑁𝐷𝐹𝑎∗𝑁𝑎)
𝑁
 (Eq. 1) 210 
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This average NDF value was used as the response variable in a model containing livestock 211 
species, stocking density, and their interaction term, as well as block as explanatory variables. We 212 
detected heterogeneity of variance with a greater spread of residuals in cattle compared to horses, 213 
and at lower stocking densities compared to higher stocking densities and therefore applied a 214 
generalized least squares model (GLS) using the ‘nlme’ package (Pinheiro et al. 2013) with a 215 
combination of variance structures (varComb) allowing for different spreads both per livestock species 216 
and per stocking density (Zuur et al. 2009). The optimal correlation structure was found by fitting GLS 217 
models with various correlation structures and comparing these to a model without a correlation 218 
structure using the Akaike information criterion (AIC). Delta AIC is calculated by subtracting the AIC of 219 
the best model from the model in question. A delta AIC < 2 indicates substantial evidence for the 220 
model, while values between 3 and 7 suggest less support and with a delta AIC > 10 the model can be 221 
seen as very unlikely (Burnham and Anderson 2002). Additionally, Akaike weights represent the ratio 222 
of delta AIC values for each model relative to the whole set of R candidate models, thereby indicating 223 
the probability that the model is the best among the whole set of candidate models (Burnham and 224 
Anderson 2002). An Akaike weight of 0.69, for example, can be interpreted as a probability of 69% 225 
that the model is the best among the tested models. This model selection procedure is also applied in 226 
all further analyses. An exponential correlation function was applied as the optimal correlation based 227 
on based on AIC, delta AIC and Akaike weights. 228 
To detect potential temporal and spatial autocorrelation we used the auto-correlation 229 
function (‘acf’) and the variogram function (‘variogram’), respectively. The fitted variogram revealed 230 
spatial autocorrelation, while no temporal autocorrelation was detected. Therefore, we included a 231 
correlation structure. The optimal correlation structure was found by fitting GLS models with a 232 
spherical, linear, rational quadratic, Gaussian, and exponential correlation structure (Supplementary 233 
3). After the optimal correlation structure is chosen, factors were dropped from the full model in all 234 
possible combinations and the best model selected based on AIC, delta AIC and Akaike weights.  235 
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Activity 236 
We digitized the position of the group of animals within each paddock with GPS-coordinates during 237 
each observation session using the software ArcGIS 10 (ESRI 2011). We then calculated the distance 238 
between the two coordinates of each chronological pair of observations during the observation 239 
session. This distance is the minimum distance the animals walked in one hour to reach the second 240 
point of the chronological pair. We used this simple measure as an index for the movement activity of 241 
the animals following Pepin et al (2009) and Elizalde-Arellano et al (2012). The difference between 242 
treatments was analysed using a generalized linear mixed model (GLMM) approach applying the 243 
glmer-command of he ‘lme4’ package (Bates et al. 2014). A Gamma distribution is assumed as the 244 
response variable is continuous and contains only positive values. The model results show the variance 245 
explained by the block to be 0.00, indicating that the random factor is unnecessary. Therefore, a GLM 246 
approach was applied with the full model including livestock species, stocking density and their 247 
interaction effect, as well as block as explanatory variables. No temporal or spatial autocorrelation 248 
was detected. The full model was compared to all other possible models using AIC, delta AIC and 249 
Akaike weights. 250 
The difference in proportion of time the different livestock species spent grazing per 251 
observation session as a second measure of activity was also first analysed with a GLMM, assuming a 252 
binomial distribution. We started with a full model including livestock species, stocking density and 253 
the interaction effect, as well as block as a random effect applying the glmer-command of the ‘lme4’ 254 
package (Bates et al. 2014). The model results show the variance explained by the block is very low 255 
(0.04), indicating that the random factor is unnecessary. Therefore, a GLM approach was applied with 256 
the full model including livestock species, stocking density and their interaction effect, as well as block 257 
as explanatory variables. Overdispersion was detected using both the binomial and quasibinomial 258 
approach. Therefore, a negative binomial model was applied. No temporal autocorrelation between 259 
observation sessions was detected. Spatial autocorrelation could not occur, as data points represent 260 
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entire observation sessions and not single observations with coordinates. The full model was 261 
compared to all other possible models using AIC, delta AIC and Akaike weights.  262 
Spatial Distribution 263 
We compared the spatial distribution of the animals as a group in each paddock with random-point 264 
distributions using the Average Nearest Neighbour Distance tool in ArcGIS 10. The position of the 265 
group, not each separate individual, at each focal observation is represented by one point. The 266 
Average Nearest Neighbour Distance tool measures the distance between each of these points and 267 
their nearest neighbouring point and calculates a ratio of observed to expected random average 268 
nearest neighbour distance (NN-ratio). A NN-ratio less than 1 indicates clustered points, whereas a 269 
NN-ratio greater than 1 indicates dispersed points. Additionally, the z-scores and p-values in the 270 
average nearest neighbour distance tool output indicate whether the observed average nearest 271 
neighbour distance significantly differs from an average nearest neighbour distance of a random 272 
spatial distribution of points with the same characteristics (number of points and available area) 273 
(Dixon 2002). 274 
 275 
Results 276 
Diet Choice 277 
In the CCA, we found that 8.6 % of the variation in the diet choice data was explained by the first two 278 
axes (Fig 2). The model was significant with p < 0.005 (F-ratio 4.295), indicating significant differences 279 
between the diet choice of livestock species and at different stocking densities. We focus on the four 280 
plant species representing at least 10% of the diet choice, namely Agrostis stolonifera, Aster tripolium, 281 
Elytrigia repens and Puccinellia maritima. Aster tripolium was more often found in the diet of cattle 282 
compared to horses and at low compared to high stocking densities as indicated by the position of the 283 
species in the CCA biplot (Fig. 2). In contrast, Puccinellia maritima was found more often in the diet of 284 
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horses and at high stocking densities (Fig. 2). Both Agrostis stolonifera and Elytrigia repens do not 285 
appear in the CCA biplot (Fig. 2), which only depicts species with a species-fit-range above 1%. If 286 
depicted, the species would appear in the centre of the plot, indicating that the amount of the species 287 
in the diet did not differ between livestock species or stocking densities. 288 
 289 
Fig. 2 Biplot of CCA showing differences between the diet choice of cattle and horses at different stocking densities. Species 290 
with species-fit-ranges under 1% are not plotted in this graph to improve readability. Eigenvalues: 0.075 (first axis), 0.011 291 
(second axis), 0.415 (third axis), 0.373 (fourth axis). Monte Carlo Permutation F-ratio = 0.075 (first axis), p-value = 0.002 292 
Forage Quality 293 
The average NDF of the diet of cattle is lower than that of horses and is lower in low than high stocking 294 
densities (Fig. 3). The final GLS model analysing the average NDF of plant species found in the diet 295 
included the explanatory variables livestock species, stocking density and the interaction effect (Table 296 
1). The best model is only marginally better than the model including no interaction effect (delta AIC 297 
0.57) and the two models including block and the interaction effect of livestock species and stocking 298 
density (delta AIC 0.95) and or the factors livestock species and stocking density without interaction 299 
effect (delta AIC 1.64), respectively.  300 
15 
 301 
Fig 3 Average NDF of plant species found in the diet r in the diet of animals in the four different grazing treatments. Light 302 
grey bars represent low stocking densities and dark grey bars indicate high stocking densities. Error bars represent the 303 
standard error 304 
Activity 305 
Horses were more active than cattle, as indicated by the larger distance between two successive 306 
observations (mean distance horses = 152 m, SD = 124; Cattle = 121 m, SD = 99). The best model 307 
explaining the minimum distance that livestock travelled between observations contained only 308 
livestock species (Akaike weight 0.35, Table 1). However, the best model is only marginally better than 309 
three other models (delta AIC < 2), including the model with both livestock species and stocking 310 
density as explanatory variables. The mean distance travelled by animals in low stocking densities (132 311 
m, SD = 113) was slightly smaller than of animals in high stocking densities (140 m, SD = 115).  312 
Horses spent more time grazing than cattle (mean grazing time horses = 82.5 %, SD = 10.6; 313 
Cattle = 48.2 %, SD = 9.3). The best model explaining the grazing time included only livestock species 314 
and block, whereas stocking density and the interaction term were dropped (Table 1). The average 315 
length of daylight period of the day during the study was 14.5 hours. Thus, horses spent on average 316 
12 hours, and cattle 7 hours, per day grazing. The best model is only marginally better than the model 317 
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including livestock species, stocking density and block (delta AIC 1.92). However, the latter model has 318 
a 30% lower probability of explaining the data when the Akaike weights of both models are compared. 319 
The mean grazing time of animals in low and high stocking densities is 65.7% (SD = 18.6) and 65.1% 320 
(SD = 21.9), respectively.  321 
Spatial Distribution 322 
The results of the average nearest-neighbour analysis indicate that three out of four horse paddocks 323 
showed a random spatial distribution of the animals. Horses neither clustered together nor dispersed 324 
evenly over these paddocks as indicated by the NN-ratio close to 1 (Fig. 4). Only one of the horse-325 
grazed paddocks was characterized by a high NN-ratio and a distribution that was significantly 326 
different from random. This indicated that in this paddock, the horses spread evenly over the whole 327 
paddock. Cattle on the contrary, had a significantly clustered distribution in three out of four 328 
paddocks, as indicated by a NN-ratio < 1, with a nearly significant trend (p = 0.079) towards clustering 329 
in the fourth paddock (Fig. 4). 330 
 331 
Fig. 4 Average nearest-neighbour distance between positions of livestock groups obtained by pooling all observations from 332 
all observation sessions. In three cases, cattle had a highly significant clustered distribution (negative Z score, p-value <0.001), 333 
whereas horses were randomly distributed 334 
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Discussion 335 
In this study we found differences between two livestock species and two stocking densities regarding 336 
1) diet choice, 2) forage quality, 3) movement and grazing activity, and 4) spatial distribution. We 337 
found a general overlap in diet, although some plant species were found more often in the diet of 338 
either horses or cattle, and either high or low densities. The forage quality of the diet of cattle was 339 
higher than that of horses, and was also higher in the diet of animals grazing in lower than higher 340 
densities. Furthermore, we found horses to show a higher movement and grazing activity. Finally we 341 
found that cattle, in contrast to horses, show a more clustered distribution.  342 
Despite the generally high overlap, diet choice of horses and cattle clearly. Aster tripolium was 343 
found more often in the diet of cattle, while the horse’s diet contained more Puccinellia maritima. No 344 
difference between the grazing treatments was found for Agrostis stolonifera and Elytrigia repens. We 345 
expected the diet choice to be explained by the forage quality of the plant species. We found that the 346 
fibre content (NDF) differed between horses and cattle, even though differences between treatments 347 
were small. This is in line with literature, reporting that horses as hind-gut fermenters can better 348 
tolerate high-fibre forage, whereas cattle are more selective for forage with lower fibre content (e.g. 349 
Gordon 1989). According to our expectation cattle grazed more frequently on Aster tripolium, which 350 
had a relatively low NDF content (43.3 % DM), while horses grazed more often on Puccinellia maritima, 351 
which, according to our results, had a relatively high NDF content (64.4 %DM). However, in contrast 352 
to our expectations, no difference between the grazing treatments was found for Agrostis stolonifera, 353 
even though this species also has a relatively high NDF content (62.5 %). This might indicate that NDF 354 
is not always the most reliable indicator of forage quality. In a study by Duncan et al. (1990) for 355 
example, the explained variance in the relationship between NDF and dry-matter digestibility was 356 
relatively low. Additionally, data published in Silliman et al. (2014) showed Puccinellia maritima to 357 
have a higher forage quality then Aster tripolium when comparing digestible dry matter content and 358 
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crude protein content. However, in the latter case the sampling technique might have played a role, 359 
as Silliman et al. (2014) only analysed young leaf tissue.  360 
Another factor which might explain the preference of horses for Puccinellia maritima is the 361 
plants prostrate growth form, which can be better exploited by horses. Previous studies also found a 362 
preference of horses for shorter grasses in comparison to cattle (Menard et al. 2002; Cornelissen and 363 
Vulink 2015). Finally, horses are less able to tolerate secondary metabolites than cattle (Krysl et al. 364 
1984; Menard et al. 2002). These secondary metabolites are more common in dicotyledonous plants 365 
(e.g. Aster tripolium). Thus, the presence of secondary metabolites might be a reason for horses to 366 
avoid these plants. Lellau and Liebezeit (2001) found both phenolics and tannins in Aster tripolium, 367 
while these secondary components could only be detected in some grasses and not with all tests. 368 
When comparing different stocking densities, we found a tendency for animals at higher 369 
densities to include more of the less preferred food plants into their diet, possibly because of the 370 
depletion of preferred species such as Aster tripolium (Cornelissen and Vulink 2015). The extent to 371 
which Puccinellia maritima will be included when comparing different stocking densities might be 372 
explained by interference between animals, which has been found to result in animals being less 373 
selective at higher densities, even when preferred species were abundant (Crawley 1983). This shift 374 
might however also be caused by depletion of more palatable plant species at higher stocking 375 
densities (Crawley 1983; Augustine and McNaughton 1998; Cornelissen and Vulink 2015). An indicator 376 
for this depletion of forage can be seen in the stronger reduction of mean canopy height at high 377 
compared to low densities and with horse grazing compared to cattle grazing described for the study 378 
area by Nolte et al. (2014). The higher forage intake rate we found based on average hours per day 379 
spent grazing, leads to a general depletion of forage. We can conclude that there are differences in 380 
the diet choice between livestock species and stocking densities. These differences are likely caused 381 
by species-specific differences in digestive physiology, foraging apparatus and range of movement, 382 
and the depletion of preferred food plants at higher stocking densities. 383 
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Horses had a higher movement and grazing activity than cattle in that they spent a greater 384 
part of the day foraging and covered greater distances. Cattle, in contrast to horses, spent a large part 385 
of their time ruminating and during these periods only travelled very short distances or remained at 386 
the same spot. Our results are supported by other studies, which found horses and other equids to 387 
forage 50% longer than ruminants such as cattle in French wetlands (Menard et al. 2002). Feeding 388 
trials in zoos, during which two forages were presented to different sub-species of bovids ranging from 389 
80 kg sheep to 800 kg African buffalo (Syncerus caffer), and different species and breeds of equids 390 
ranging from 140 kg Wild ass (Equus hemionus) to 450 kg domestic horse, also showed that similar 391 
sized hind-gut fermenters have higher rates of food intake than ruminants (Duncan et al. 1990). This 392 
higher food intake rate is necessary for hind-fermenters to compensate for their lesser ability to digest 393 
plant material (Duncan et al. 1990).  394 
The results of a generally higher activity of horses are consistent with the results of the spatial 395 
distribution of the groups of animal. We found the horse groups to be distributed more randomly over 396 
the marsh using the entire area, whereas the cattle groups tended to be more clustered and remained 397 
longer at the same spot. This distribution can be explained by the ruminating behaviour of cattle which 398 
therefore remain stationary for longer periods. Putman et al. (1991) also found horses to use a higher 399 
percentage of the total area, with is in line with our results of a wider and more random spread of the 400 
group of horses within the paddock. Furthermore, the spatial distribution of the groups of animals 401 
might have been affected by the position of the group in the neighbouring paddock. However, we did 402 
not observe social interaction between groups in different paddocks during our observation sessions 403 
and the positions of groups from two paddocks were never found directly next to each other.  404 
A limitation of our study might be missing observations during the night. Such measures are 405 
technically difficult to perform and therefore usually also excluded in other studies (Putman et al. 406 
1991; Dumont et al. 2007b; Ferreira et al. 2013; Cornelissen and Vulink 2015). Furthermore, a study 407 
on the grazing behaviour of cattle showed that grazing at night only represented 10% of the total daily 408 
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eating time (Rutter et al. 2004) and can thus be neglected. Grazing at night, however, is known to play 409 
an important role for horses (Boyd et al. 1988). This suggests that the differences described in this 410 
study may be greater if night grazing would have been included. Furthermore, we were unable to 411 
perform observations representing the beginning of the grazing season. Yet, grazing behaviour was 412 
found to differ between seasons (Dumont et al. 2007a). In their study of heifers, including 413 
observations in spring, summer and autumn, Dumont et al (2007a) found NDF of the diet, time spent 414 
grazing, the proportion of area used by the animals, the number of bites per step and selectivity for 415 
short patches to vary with season. However, a significant interaction effect between season and 416 
stocking density was only found in one of the studied response variables, namely the number of bites 417 
per step. This result indicates that for all other measured variables representing foraging behaviour 418 
differences between stocking densities remained similar in all three seasons. Therefore, we are 419 
satisfied that the differences between livestock species and between stocking densities that we found 420 
are likely to be representative of the whole grazing season.  421 
Additionally, the conclusion drawn from this study may only apply to livestock of a comparable 422 
size, age and breed, and which are not lactating, as these factors were found to affect behaviour (Rook 423 
et al. 2004; Metera et al. 2010). Young animals were found to be more selective (Rook et al. 2004) and 424 
all animals in our study were of a comparable age. Furthermore, lactating animals were found to 425 
compensate their higher nutritional requirements by increasing their grazing time as demonstrated 426 
e.g. for lactating cattle (Gibb et al. 1999). However, all the animals in our study were not lactating. Size 427 
also affects behaviour as small animals are generally more selective as they require more energy 428 
relative to their gut capacity than larger animals (Rook et al. 2004). In the present study, horses were 429 
slightly heavier than cattle, however, our results are confirmed by other studies (e.g. Duncan et al. 430 
1990; Menard et al. 2002), and therefore the observed differences in behaviour were probably not 431 
caused by weight differences, but by species differences. As quantifying these differences between 432 
species was the aim of the study we chose to compare the same number of animals per ha. 433 
Furthermore, such a stocking density with respect to animals/ha, rather than a stocking density based 434 
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on biomass removal, is commonly used in management recommendations and therefore makes our 435 
study easily applicable for management questions.  436 
Finally, as we were concerned that the presence of the observer may have affected the 437 
behavior of the animals, we wanted to minimize any potential observer effect. To do so, we tried to 438 
accustom the animals to the observer in July, prior to the start of observations in August. This 439 
approach was successful. While a direct reaction to the presence of the observers by the animals such 440 
as walking away or looking up still happened in July, such behaviour was not observed from August 441 
onward. Furthermore, alternative methods to study animal behavior include other sources of bias. 442 
The collection of droppings followed by an analysis of the plant remains in the dung, for example, is 443 
biased towards less digestible plants and only yields limited information about the spatial distribution 444 
and activity of the animals. Other approaches such as the use of GPS collars and/or cameras could not 445 
be applied due to limited funds.  446 
Another common livestock species used on salt marshes is sheep. Sheep differ from larger 447 
livestock species such as cattle and horses in that they are generally more selective for higher quality 448 
forage as small herbivores generally require more energy relative to their gut capacity than large ones 449 
(Rook et al. 2004). The effect of sheep in different densities on the vegetation of salt marsh has been 450 
extensively studied in the German Wadden Sea (Berg et al. 1997; Kiehl et al. 2001; Schröder et al. 451 
2002; Kiehl et al. 2007). While these previous studies have focused on the effects of different stocking 452 
densities of sheep on salt marsh vegetation, studies comparing different livestock species within the 453 
same experimental setup are scarce. Only one study on salt marshes included both cattle and sheep 454 
(Jensen 1985), but in a mixed grazing treatment where comparisons between livestock species are 455 
difficult. Additionally, Jensen (1985) did not investigate the animal behaviour. Therefore, we focused 456 
on the comparison of different livestock species and, due to the limited space, could only apply two 457 
different stocking densities. Adding a third intermediate or lower stocking density could, however, 458 
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have yielded interesting information about whether the selectivity of the animals indeed shifts with 459 
decreasing availability of preferred plant species.  460 
Due to practical limitations, the area of salt marsh available for the experiment only allowed 461 
the establishment of two blocks, which is a low number of replicates for statistical analyses. Therefore, 462 
abundance of species between blocks as indicated by the area covered by vegetation types dominated 463 
by these species in the vegetation map (Supplementary 1) slightly differed per block. This availability 464 
of plant species might have led to slight differences in the NDF and activity between blocks. Therefore, 465 
the conclusions drawn from this study especially with regard to the amount of specific plants in the 466 
diet may only be applied to similar sites along the western part of the Dutch Wadden Sea mainland 467 
coast. However, as our results with regard to differences between livestock species in forage quality 468 
and activity are in line with previous studies(Duncan et al. 1990; Menard et al. 2002), these may be 469 
applied more generally.  470 
The available space for the experiment also limited the paddock size to 11ha, which is 471 
comparable to that of e.g. the experiment described by Kiehl et al. (1996). If a larger area, such as e.g. 472 
the entire 55 ha of one block, would have been available to the same number of animals, we would 473 
expect smaller differences in diet choice between the stocking densities, as preferred forage plants 474 
might not have been depleted. However, if the stocking density would have remained constant in such 475 
a larger area, we would expect no change in the diet selection assuming that the proportion of the 476 
different plants available in the area stays the same. Additionally, animals might have travelled longer 477 
distances per day. Within the experimental setup the maximum distance that animals could walk by 478 
crossing the paddocks diagonally was 760 m and 700 m for block 1 and 2, respectively. If the animals 479 
could have moved through the whole block, the animals could have increased the maximum length to 480 
1000 m and 1300 m respectively. The average distance moved by a group of horses in paddocks 481 
ranging from 0.0036 to 16 ha was found to be greater in larger paddocks (Hampson et al. 2010). Yet, 482 
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the relative differences between the livestock species would probably have been similar if the 483 
paddocks would have been larger. 484 
The differences in behaviour described in this study can be used to explain differences in the 485 
damage and the amount of flowers per individual plant of the target species Aster tripolium found by 486 
Nolte et al. (2013) within our study area. As Aster tripolium was more often found in the cattle 487 
compared to the horse diet, we would expect more damage to Aster tripolium in cattle-grazed 488 
treatments. This expected result was, however, only found in low stocking densities, where cattle may 489 
cause more damage than horses due to selective defoliation (Nolte et al. 2013). In contrast, at high 490 
stocking densities horses caused more damage to Aster tripolium compared to cattle (Nolte et al. 491 
2013). An explanation of this observation might be that although cattle show a preference for Aster 492 
tripolium, the overall higher activity of horses found in our study might cause more damage as a result 493 
of trampling (Nolte et al. 2013). This example also shows how differences in grazing behaviour can 494 
cascade through the ecosystem on different levels, as Aster tripolium is an important food source for 495 
various invertebrates (Meyer et al. 1995; Rickert 2011; van Klink et al. 2016).  496 
In addition to effects on individual plant species, knowledge of the differences in grazing 497 
behaviour between livestock species and stocking density is useful to understand effects on 498 
vegetation structure. In the same experiment as described here, horses were found to create larger 499 
patches of similar vegetation canopy height (Nolte et al. 2014). It is argued by Nolte et al. (2014) that 500 
the larger patches are caused by the higher forage intake of horses. Additionally, horses were found 501 
to create very short swards, while cattle rip off part of the vegetation with their tongue (Gordon 1989; 502 
Dumont et al. 2012) and therefore probably create a more heterogeneous canopy structure. The 503 
differences in vegetation structure also have indirect effects on the ecosystem, for example by 504 
affecting some ground-nesting birds such as Oystercatcher and Redshank, which prefer taller patches 505 
of vegetation to build their nests (Mandema et al. 2014). However, breeding birds can also be affected 506 
directly as livestock can trample nests. Nests of breeding birds were found to have a lower risk of nest 507 
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trampling in cattle-grazed areas and at greater distance to the freshwater source in the same study 508 
area (Mandema et al. 2013). Finally, it should also be considered how differences in behaviour can 509 
affect sediment dynamics in grazed salt marshes. In the experimental setup described here horses and 510 
high stocking densities were found to reduce accretion rates directly by increasing soil compaction 511 
and indirectly by reducing vegetation structure and thereby decreasing sediment-deposition rates 512 
(Nolte et al. 2015). Again this finding can be explained by the behavioural differences described here. 513 
We suggest that behavioural studies are an important baseline to understand effects of different 514 
livestock grazing treatments on salt marshes (van Klink et al. 2016).   515 
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Table 1: Model results for the generalized least squares models and generalized linear models investigating the effect of livestock species, stocking density 
and Block on the average NDF in the animal diet and the average time spent grazing and distance travelled per day. Bold letters indicate the best model. 
  
             
      
Activity 
Model  NDF Distance Time 
  df AIC ΔAIC 
Akaike 
weight df AIC ΔAIC 
Akaike 
weight df AIC ΔAIC 
Akaike 
weight 
Livestock * Density + Block 10 2148.74 0.95 0.22 6 5147.93 3.72 0.05 6 247.69 3.11 0.10 
Livestock * Density 9 2147.79 0.00 0.35 5 5147.83 3.62 0.05 5 250.11 5.53 0.03 
Livestock + Density + Block 9 2149.43 1.64 0.15 5 5145.98 1.77 0.12 5 246.50 1.92 0.18 
Density + Block 8 2157.44 9.65 0.00 4 5150.10 5.89 0.02 4 290.76 46.17 0.00 
Livestock + Block 8 2157.58 9.79 0.00 4 5144.32 0.11 0.28 4 244.58 0.00 0.48 
Livestock + Density 8 2148.35 0.57 0.26 4 5145.87 1.66 0.13 4 248.80 4.22 0.06 
Livestock 7 2156.15 8.36 0.01 3 5144.21 0.00 0.30 3 246.87 2.28 0.15 
Density 7 2156.28 8.50 0.01 3 5149.99 5.78 0.02 3 289.61 45.03 0.00 
Block 7 2166.03 18.25 0.00 3 5148.43 4.22 0.04 3 288.77 44.18 0.00 
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